The temporal scaling properties of the daily 0 cm average ground surface temperature (AGST) records obtained from four selected sites over China are investigated using multifractal detrended fluctuation analysis (MF-DFA) method. Results show that the AGST records at all four locations exhibit strong persistence features and different scaling behaviors. The differences of the generalized Hurst exponents are very different for the AGST series of each site reflecting the different scaling behaviors of the fluctuation. Furthermore, the strengths of multifractal spectrum are different for different weather stations and indicate that the multifractal behaviors vary from station to station over China.
Introduction
In recent years, a variety of methods such as power spectrum analysis, autocorrelation functions, and detrended fluctuation analysis (DFA), among others, have been widely used to study the correlations and fluctuations of different time series [1] [2] [3] [4] [5] [6] . The DFA method as an important technique established by Peng et al. [1] and extended by Bunde et al. [2] and Kantelhardt et al. [7] , has been used to detect long-range correlations and determine monofractal scaling properties [7] [8] [9] . Moreover, it has been successfully applied to a variety of systems ranging from DNA [1] , atmospheric temperature [3] [4] [5] [6] [10] [11] [12] [13] , relative humidity [14] , wind speed [15] , column ozone [16] , and air pollution [17] . However, in DFA analysis to reliably infer the scaling effect, it is necessary to establish power law scaling, investigating both constancy of local slopes in a sufficient range and rejection of an exponential decay of the autocorrelation function [18, 19] .
Many studies have shown that a monofractal behavior cannot fully describe uneven multifractal properties [7, 8] . Multifractal theory is an effective method to describe quantitatively the nonlinear evolution of complex climate system and the multiscale characteristics of the physical quantity. Thus, studying the multifractal characteristics of climatic system makes us further understand intrinsic regularity and restriction mechanism of climate change. The theoretical results of multifractal study in the practical application are limited to some extent because the classical estimation method of multifractal spectrum is complicated and difficult [20, 21] . Recently, an extension approach based on the DFA method, namely, MF-DFA, has been applied to analyze the multifractal behaviors of nonstationary time series [22] . It has also been successfully utilized in diverse fields [23] [24] [25] [26] .
The temperature records as an important climate variable show the fractal feature by taking the self-similar structures containing multiple time scale. There exist monofractal (long-range correlations) characteristics for surface air temperature series over China [27] [28] [29] . Moreover, the multifractal behaviors of surface air temperature series have also been studied in the recent years [30, 31] . The DFA method had also been applied in the global mean monthly land and sea surface temperature anomalies during the period 2 Advances in Meteorology of January 1850-August 2008. The results showed that the correlations between the fluctuations in the global mean monthly land and sea surface temperature display scaling behavior which also propagates up to the tropopause [19, 32] . However, the research on multifractal behaviors of the AGST record is less involved due to few sites and short observation data length. The AGST record refers to the temperatures of the ground surface and soil. The record is one of the conventional meteorological observation elements. Thus, it is very important to study the multifractal behaviors of the AGST record. In the present study, the AGST series is investigated using a powerful technique called MF-DFA [22] . The paper is organized as follows. In Section 2, the method of MF-DFA and the acquisition of the AGST data are described. In Section 3, the comparison of the MF-DFA results for original AGST series with the MF-DFA results for shuffled series and the calculation of the multifractal spectrum are provided. The conclusions are summarized and discussed in Section 4.
Methodology and Data

Methodology Outline.
The seasonal cycles from the raw data are removed by computing the AGST anomaly Δ = − ⟨ ⟩ , where ⟨ ⟩ denotes the average value for a given calendar day. Consider the anomaly time series {Δ }, = 1 . . . . A generalization of DFA, the MF-DFA method, is briefly described by the following steps [22] .
(1) The series {Δ } is integrated to get the so-called profile:
(2) The profile { } is divided into nonoverlapping boxes of equal length , where
. Since some data points may be left out, the same procedure is repeated from the other end of the data set. Therefore, 2 boxes are obtained altogether.
(3) The local polynomial trend ] ( ) with order V for each box is calculated by a least-square fit:
(4) The corresponding variance for each segment length is given by 
If the time series { } is long-range power-law correlated, the fluctuation function ( ) increases asymptotically with varying as power law
where the exponent ℎ( ) describes the scaling behavior of the th-order fluctuation function. For monofractal time series which are characterized by a single exponent over all scales, ℎ( ) is independent of , whereas, for a multifractal time series, ℎ( ) varies with . This dependence is considered to be a characteristic of multifractal process [22] .
A multifractal time series is characterized by calculating the multifractal spectrum ( ) [33, 34] . This singularity spectrum can be related to ℎ( ) via a Legendre transform [26, 33] . The generalized Hurst exponent ℎ( ) and the scaling exponent ( ), the singularity exponent , and the singular spectrum ( ) in multifractal formula have the following relationships:
Data Records.
The daily records are processed by the Chinese National Meteorological Information Center (NMIC). The data sets include high-quality daily surface climatic records of 756 Chinese meteorological stations taking part in international exchange. The records have been applied in many studies of climate change in the recent years [26] [27] [28] [29] [30] [31] [35] [36] [37] . Four representative weather, stations are selected to study temporal scaling properties for daily AGST records. The coordinates and detailed temporal information of the four selected stations are provided in Table 1 . The four AGST series are used to study multifractal behaviors in this paper. 
Results
The daily AGST records at four representative geographically well-separated locations over China were recorded during the time frame ranging 1951-2009. From Figure 1 , it can be seen that the locations are spatially well separated across China. Four selected and representative records, the station Ganzi in the Southwest of China, the station Beijing in the North of China, the station Fuding in the Southeast of China and the station Yichun in the Northeast of China, are used to analyze the three-year temporal trace of the daily anomaly AGST records in Figure 2 . As it can be seen from Figure 2 For stations Ganzi and Beijing, the slopes of the curve take on the similar shape and become steeper and steeper from the top to the bottom, but the opposite case is for station Yichun completely. Furthermore, the slopes of the curve keep constant on the whole for station Fuding. The curves by the MF-DFA4 do not exhibit same slopes for all ranges in Figure 3 . We selected the asymptotic long-range power-law correlations in the range of 300-1000 days, where the scaling is more or less constant for each , to compute the dependence of the slope ℎ( ).
In the present study, we calculate the results for all four weather stations in the range of 300-1000 days. and ℎ(+5), the more obvious the multifractal behavior. By the calculation of the difference value Δℎ, we find that the fractal phenomenon is very different for the AGST series of each site. It can be seen that the scaling exponents ℎ( ) are greater than 0.5 and less than 1 for stations Ganzi, Beijing, and Fuding in Figures 3(e) , 3(f), and 3(g), which indicate the presence of positive long-range power-law correlations. Furthermore, the scaling exponents ℎ( ) decrease with the increase in the moment which show the multifractal behavior in the AGST records for stations Ganzi and Beijing. While for station Fuding, the scaling exponent changes little indicating the presence of the monofractal behavior. Last, for station Yichun, the scaling exponent ℎ( ) is greater than 0.5 and less than 1 when is less than 0, which indicates the presence of long-range power-law correlations. The scaling exponent ℎ( ) is greater than 1 and less than 1.5 when is larger than 0 showing strong persistence between 1/ and Brown noise. The difference value Δℎ for the station Yichun is smaller than 0 and indicates that the long-range correlations of small scale disturbance are weaker than those of lager-scale distribution. The specific mechanism needs further study. In general, the origin of multifractality is due to a broad probability density function of time series and different long range correlations for small and large fluctuations [18] . By comparing the MF-DFA4 results of the original data sets with those for randomized shuffled surrogates, we can distinguish whether multifractal behaviors are due to the effect of longrange correlations or a broad probability density function. As shown in Figures 4(a) Figures 5(e), 5(f), 5(g), and 5(h) show the multifractal spectra of the AGST records for stations Ganzi, Beijing, Fuding, and Yichun. It is obvious that the spectra exhibit completely different shapes for the four selected stations. There exist wide distributions of singularity spectrum ( ) values for stations Ganzi and Yichun, while the distribution of ( ) values for station Beijing is little, which implies weak multifractal behavior. For station Fuding, it can be seen clearly that the distribution is concentrated and close to one dot, which indicates the presence of the monofractal behavior. The distributions of singularity spectrum for stations Ganzi and Yichun show the strong multifractal behaviors, while the mechanism affecting the strength of multifractal 7 behavior is different. For station Beijing, the multifractal spectrum shows the weak multifractal behavior. In contrast, the spectrum for station Fuding presents monofractal characteristics. The differences of multifractal behavior for the AGST records may be caused by the different solar radiation intensity and climate system around the different areas over China. But the related atmospheric mechanism is still unknown; these problems need to be discuss further in the future work.
Conclusion and Discussion
In this paper, we studied the different multifractal behaviors of the daily AGST records from the four representative weather stations over China using the MF-DFA method. Our main findings can be summarized as follows.
(1) There exist different multifractal behaviors for the daily AGST variations by calculating the differences of the generalized Hurst exponents and it can be identified by power-law relationships. Also the MF-DFA method can be used to calculate multifractal spectrum of complex phenomenon.
(2) The different multifractal behaviors are found for the AGST records over the different areas of China. The strengths of the multifractal behavior seem to be nonuniversal and depend on the geographical location of the station. Many factors may affect the strength of the multifractal behavior. But the origin of the diversity in fractal behavior and related atmospheric mechanism are still unknown; we will discuss these problems further in the future.
